The composition of membranes from whole cells and minicells of Bacillus subtilis strain BD474 was examined. Two-dimensional electrophoresis showed that the content of several individual polypeptides differed in the two membrane types. Whole cell membranes appeared to contain more penicillin binding protein (PBP) 2a, glycerol-3-phosphate dehydrogenase, succinate dehydrogenase and NADH dehydrogenase than minicell membranes, but less PBP2b, lactate dehydrogenase and malate dehydrogenase. Glycerol-3-phosphate dehydrogenase and succinate dehydrogenase were unstable, but the other enzymes and PBPs were stable after inhibition of protein synthesis by chloramphenicol. Minicells synthesized peptidoglycan because they incorporated T-labelled acetylglucosamine into acid precipitable material. However, the rate of incorporation in minicells was only 5% of the value observed in whole cells. Whole cell and minicell membranes contained the same polar lipids and fatty acids, but the whole cell membranes were enriched in phosphatidylglycerol, diglycosyldiacylglycerol, iso-C , and anteiso-C, fatty acids, but depleted of phosphatidylethanolamine, iso-c,,, iso-c, 6, n-C, 6 and anteiso-C , fatty acids.
INTRODUCTION
Minicells are small anucleate cells resulting from aberrant cell divisions in rod-shaped bacteria (Frazer & Curtiss, 1975) . Although minicells are rarely produced by wild-type bacteria they can arise continuously during growth of mutant strains (Frazer & Curtiss, 1975) . Such minicell-producing mutants have been isolated from Escherichia coli, several Salmonella species, Erwinia amylouora, a marine pseudomonad, Bacillus subtilis, and Haemophilus injuenzae (Frazer & Curtiss, 1975; Reeve, 1979) .
Minicells can be used to study the distribution of components within the cytoplasmic membrane because minicell membranes primarily represent cell ends or former septa, whereas whole cell membranes have a low content of septa1 material and are derived from cells rich in side walls (Frazer & Curtiss, 1975; Buchanan, 1979 Buchanan, , 1981 . Comparative studies on membranes from minicells and whole cells should therefore contribute towards an understanding both of membrane architecture and the process of cell division in rod-shaped bacteria. Nevertheless, there have been very few studies in which the composition of minicell and whole cell membranes has been compared. Goodell & Schwarz (1974) reported enrichment of E. coli minicell membranes for an uncharacterized protein of molecular weight 48 000 and the phospholipid phosphatidylglycerol, and Buchanan (198 1) found depletion of penicillin binding protein 2 in minicell membranes from this organism. The lack of detailed information concerning differences in membrane composition between minicells and whole cells, particularly in Grampositive rods, has prompted us to examine the situation in B. subtilis. In this paper we present the results of experiments which have involved separation of proteins, phospholipids and fatty acids from minicell and whole cell membranes. Polypeptides marked X and Y are shown for reference purposes (see Fig. 2 ). The molecular weight range was estimated by using polypeptides of defined molecular weight (Weber & Osborn, 1969) , and the pH gradient was determined by the method of Ames & Nikaido (1976).
R E S U L T S

Analysis of membrane polypeptides by two-dimensional gel electrophoresis
The two-dimensional gel electrophoresis method of Ames & Nikaido (1976) provides one of the best procedures for the general characterization of membrane polypeptides. Using this procedure many polypeptides were detected in the cytoplasmic membrane from whole cells of strain BD474 (Fig. 1) . These proteins were all found in the minicell membrane and there were no polypeptides found exclusively in either whole cell or minicell membranes (data not shown). However, the content of 12 membrane polypeptides ( Fig. 1) consistently differed between whole cells and minicells. Compared with whole cells, polypeptides 1,2, 5,6,7,8 and 12 were depleted in minicells, whereas 3, 4, 9, 10 and 11 were enriched in minicell membranes. Fig. 2 , which illustrates enrichment of polypeptide 9 in minicells, provides an example of these changes.
Analysis of speciJic membrane proteins
Minicells and whole cells were also examined for the presence of specific membrane proteins (Fig. 3 , Tables 1 and 2 ). Sodium dodecyl sulphate gel electrophoresis and subsequent fluorography of membranes labelled with [ 14C]benzylpenicillin revealed PBPs 1,2a, 2b, 3,4 and 5 (Fig. 3) which were previously reported by Kleppe & Strominger (1979) . Accurate determination of PBP molecular weights was not successful because radioactively labelled molecular weight standards (see Methods) showed different relative migration to PBPs when 10% and 7.5% gels were tested (data not shown). PBP2c did not regularly appear in our fluorograms and quantitative analysis of PBP5 could not be made on the same piece of X-ray film with the other PBPs because of the abundance of this protein (Fig. 3) . It was necessary to (Tables 1 and 3 ). The relative proportion of PBP2a appeared to decrease in minicells whereas the opposite applied to PBP2b (Table 1) .
The activities of another six membrane enzymes were determined in whole cell and minicell membranes (Table 2 ). In contrast to the situation with PBPs (Table I) , the activities of some of these membrane enzymes varied considerably in different whole cell or minicell membrane preparations. For this reason the results from duplicate membrane preparations are listed separately (Table 2) . Minicells were enriched for two enzymes, lactate dehydrogenase and malate dehydrogenase (Table 2) . On the other hand, the activities of glycerol-3-phosphate dehydrogenase, NADH dehydrogenase and succinate dehydrogenase were all decreased in minicell membranes (Table 2) . One enzyme, glycerol-3-phosphate acyltransferase, appeared to be absent from minicell membranes (Table 2 ). Nevertheless, minicells were able to convert [2-3H]glycerol into chloroform/methanol extractable material (data not shown), implying that the conventional assay for this enzyme might not be sufficiently sensitive to detect low activities in minicells. This suggestion is further supported by the observation that minicells incorporated radioactive glycerol into lipid at only 13-1 5 % of the rate shown by whole cells (data not shown).
In vivo stability of membrane proteins
The results presented above show that minicells were depleted of several membrane proteins. This may reflect unequal distribution of these proteins in the ends and side walls of the cell. Alternatively, decreased protein contents could reflect greater instability of some proteins compared with others. In such cases the proteins would naturally become more depleted in minicell membranes because minicells lack the genetic information to replace degraded polypeptides. Experiments analogous to those of Buchanan (1980) were therefore done, in which PBP content or enzyme activity was determined in whole cells of strain BD474 in which protein synthesis was inhibited by chloramphenicol for a period (4 h) sufficient to allow the degradation of unstable proteins.
Addition of chloramphenicol(360 pg ml-l) to cultures of strain BD474 led to rapid inhibition of total protein synthesis (data not shown), but no cell lysis was observed when bacteria were examined by phase-contrast microscopy. Inhibition of protein synthesis for 4 h had little effect on the relative amounts of PBPs 1-4 in the cytoplasmic membrane (Table 3) . Similar experiments were done to test the stability of the other membrane enzymes previously examined in minicells and whole cells. Two enzymes, glycerol-3-phosphate dehydrogenase and succinate dehydrogenase were unstable as their specific activities decreased when protein synthesis was inhibited by chloramphenicol (Table 4 ). In contrast, malate dehydrogenase, lactate dehydrogenase, N ADH dehydrogenase and glycerol-3-phosphate acyltransferase were stable (Table 4) .
Peptidoglycan synthesis in whole cells and minicells
Because minicells and whole cells had different PBP profiles their capacity to synthesize peptidoglycan was arso compared (Fig. 3) . Peptidoglycan synthesis was determined by following the incorporation of [ 4C]acetylglucosamine into hot TCA-precipitable material (Mertens & Reeve, 1977) under conditions in which protein synthesis was inhibited by chloramphenicol. After 3 h incubation approximately 6.5 x lo3 c.p.m. of [ 14C] acetylglucosamine were incorporated per 0.25 OD,oo units of whole cells. Minicells synthesized peptidoglycan because they also incorporated label into acid precipitable material. However, the rate of incorporation in minicells was only approximately 5 % of that observed in whole cells (Fig. 4) . In the case of both whole cells and minicells incorporation of [ 4C]acetylglucosamine was partially inhibited by penicillin (Fig. 4) .
Lipid composition of whole cell and minicell membranes
The two-dimensional TLC separation introduced by Minnikin & Abdolrahimzadeh (1971) is capable of resolving all the B. subtilis polar lipids. The method was used to quantify the Exponential phase cultures were divided into two portions. Chloramphenicol(360 pg ml-I) was added to one sample, the other acting as a control. Incubation was continued for a further 4 h at 37 "C, and membranes were then prepared from the whole cells as described in Methods. Table 4 . Activity of various enzymes in membranes from whole cells of strain BD474 following inhibition of protein synthesis by chloramphenicol
The conditions used were similar to those described in Table 3 . Enzyme activities are expressed as nmol substrate utilized min-I (mg membrane protein)-' f SD. Values are the means of replicate assays on each membrane preparation.
Enzyme activity in membranes from: (Table 5) . Individual lipids were identified on the basis of their migration after chromatography (Minnikin & Abdolrahimzadeh, 1971). The polar lipids found in the whole cell membrane were all present in the minicell membrane, but the relative proportions of three lipids differed in the two membrane types. Phosphatidylethanolamine was depleted in whole cells whereas the relative contents of diglycosyldiacylglycerol and phosphatidylglycerol increased. The total fatty acid composition of both membranes was also compared (Table 5) . Fatty acids were converted to their methyl esters and then analysed by GC under conditions similar to those already used for characterization of B. subtilis fatty acids (see Methods). Eight fatty acids were resolved corresponding to those previously identified in B. subtilis (Kaneda, 1966 (Kaneda, , 1977 . The most abundant fatty acids were iso-C, 5, anteiso-C, 5, iso-C, and anteiso-C, 7, which accounted for 90% of the total fatty acids ( Table 5 ). All the fatty acids isolated from whole cell membranes were also found in minicell membranes, but, as for other macromolecules, the relative proportions of some fatty acids differed in minicells (Table 5 ). Whole cells were enriched for iso-C , and anteiso-C fatty acids. fatty acids, but depleted of iso-C , 4, iso-C , 6 , n-C , 6 , and anteiso-C Bacillus subtilis cytoplasmic membrane 35 1 (Mertens & Reeve, 1977) containing chloramphenicol (150 pg ml-I) to give 0.25 OD600 units. At time zero [14C]acetylglucosamine (1 pCi ml-I) was added and the cells incubated at 37 "C. Samples (100 pl) were removed at intervals and the radioactivity in hot TCA-precipitable material was measured. 0 , Whole cells; 0 , whole cells in the presence of benzylpenicillin (50 pg ml-I); 0 , minicells; ., minicells in the presence of benzylpenicillin (50 pg ml-I).
DISCUSSION
In this paper we have reported differences in both the protein and lipid composition of B. subtilis minicell and whole cell membranes. A question raised by this work concerns the basis for the apparent differences in protein composition between the two types of membrane. The differences may reflect some or all of the following:
(a) Unequal distribution of proteins in the ends and side walls of the cell. , 1979) . These points provide a framework for the remainder of the discussion. Buchanan & Sowell (1983) reported degradation of some PBPs in B. subtilis strain 168T treated with chloramphenicol, but in our experience the PBPs of strain BD474 are not susceptible to degradation (Table 3) . Our results (Table 3 ) are similar to those reported for Escherichia coli (Buchanan, 1980) in which PBPs are also stable following inhibition of protein synthesis. The discrepancy between our data and those of Buchanan & Sowell (1983) for B. subtilis may relate partly to strain differences. The differences in the quantity of labelled penicillin bound to PBP2a and PBP2b in B. subtilis minicells and whole cells (Table 1 ) may therefore be due to variation in either the number of polypeptides or their affinity to bind penicillin in the two different membrane micro-environments. However, since saturating levels of labelled penicillin were used in the binding assays, the difference in PBP profiles of minicells and whole cells probably reflects differences in absolute numbers of polypeptides. We can therefore conclude that enrichment of PBP2b in minicell membranes may represent preferential distribution towards cell septa, whereas depletion of PBP2a in minicells may reflect localization in the side walls of whole cells.
Incorporation by bacteria of radioactive peptidoglycan precursors, such as 4C-labelled acetylglucosamine, into acid insoluble material represents the synthesis of both cross-linked and uncross-linked peptidoglycan (Schrader & Fan, 1974; Mirelman & Nuchamovitz, 1979) , i.e. new peptidoglycan is linked to old by both transglycosylation and transpeptidation. Since transglycosylation is penicillin-insensitive (Spratt, 1983 ; Jackson & Strominger, 1984) , addition of penicillin to the whole cells of B. subtilis used here should only result in partial inhibition of acetylglucosamine incorporation. This effect was indeed observed (Fig. 4) and is therefore consistent with incorporation of glucosamine both by transglycosylation and transpeptidation. Minicells synthesized less peptidoglycan and contained less PBP2a than whole cells. Whether there is a causal relationship between these observations is unknown, but the implication that PBP2a has an essential role in B . subtilis peptidoglycan synthesis is consistent with its identification as the killing target for penicillin (Kleppe et al., 1982; M. Shohayeb, unpublished data) , and its ability to promote transglycosylation in vitro (Jackson & Strominger, 1984) . In contrast to our findings with minicells of strain BD474 (Fig. 4) , Mertens & Reeve (1977) apparently observed greater levels of peptidoglycan synthesis in minicells from B. subtilis strain CU403. However, it is difficult to compare the two sets of data because Mertens & Reeve (1977) did not examine the kinetics of peptidoglycan synthesis in whole bacteria. The reason that minicells from strain BD474 only synthesize small quantities of peptidoglycan remains uncertain, but is not simply due to low metabolic activity in minicells because we have shown previously that they are capable of synthesizing plasmid-encoded proteins (Eccles & Chopra, 1984) .
Minicells were apparently enriched for two enzymes, lactate dehydrogenase and malate dehydrogenase (Table 2 ). Since these enzymes were stable in the absence of protein synthesis the apparent enrichment in minicells either reflects preferential distribution in the septal region, and/or enhancement of activity due to a different lipid micro-environment in minicell membranes (i.e. septal material). Compared to whole cells, minicells exhibited lower activities of glycerol-3-phosphate dehydrogenase, succinate dehydrogenase, NADH dehydrogenase and glycerol-3-phosphate acyltransferase. Since the first two enzymes were unstable in the absence of protein synthesis their apparent depletion in minicells most probably reflects the inability of minicells to replace degraded chromosomally encoded proteins. Since NADH dehydrogenase and glycerol-3-phosphate acyltransferase were stable in the absence of protein synthesis their apparent depletion in minicells presumably reflects preferential distribution in cell side walls and/or depression of activity due to a different lipid micro-environment in minicell membranes. In this context it is interesting to note that the activity of E. coli NADH dehydrogenase is stimulated by phosphatidylglycerol (Dancey & Shapiro, 1977) , and that B. subtilis minicells contained less of this phospholipid than whole cells (Table 5 ). The lower activity of glycerol-3-phosphate acyltransferase in minicell membranes might be attributable to differences in the fatty acid composition of whole cell and minicell membranes. This suggestion is based upon the observation that the activity of this enzyme in E. coli is influenced by membrane fatty acid composition (Machtiger & Fox, 1973) and that the fatty acid composition of the Bacillus membrane systems described in this paper differ (Table 5) .
Although the two-dimensional PAGE method used here is unlikely to resolve all B. subtilis membrane polypeptides (Ames & Nikaido, 1976), we found no qualitative and relatively few quantitative differences in polypeptide content between minicell and whole cell membranes. Some of the minor differences observed during two-dimensional analysis may be directly related to the differences in enzyme activity observed when specific proteins were assayed. However, it is difficult to correlate polypeptide differences with enzyme differences because the twodimensional co-ordinates (O'Farrell, 1975 ; Ames & Nikaido, 1976 ) of specific B. subtilis membrane proteins have not yet been determined. Finally, although we have not examined this aspect, it is possible that the gross dimensions of minicell and whole cell membranes differ as a consequence of fatty acid differences. Since fatty acid chain length influences membrane bilayer thickness (Silbert, 1975) and minicell membranes contained a higher proportion of long chain fatty acids, i.e. C,6 and C I 7 (72%) than whole cell (5373, it is plausible that the membrane bilayer may be thicker in minicells.
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